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Introduction
The accumulation of neutrophils in pulmonary capillaries, and their low deformability may provoke the acute respiratory distress syndrome (Doerschuk 2001) . A way to progress in the detection of this syndrome is to design a microfluidic device capable of detecting it. This is the final objective of the collaborative work that we currently carry out with experts in both biology and microfluidics. The specific aim of our team was to simulate the white blood cell behaviour in several flow configurations involved in the lung capillaries, which always implies a high degree of confinement because the actual capillary diameters are significantly smaller than the typical size of the neutrophils. Several models have been proposed to describe the rheology of white blood cells (Shirai 2008) . The main objective of our work was to study the influence of the cell rheology on the displacement and deformation of the neutrophils within the capillaries. Basically, the questions to be addressed concern the influence of the core of the cell (which deforms only very slowly) on that of the viscosity and possible elasticity of the cytoplasm, and on that of the membrane that surrounds the cell and separates it from the outer plasma.
Numerical methods and flow configurations
So far, numerical simulations have been carried out in two dimensions (although our code is fully 3D), using a volume of fluid approach that allows us to follow the deformation of the neutrophil by identifying the interface between the cytoplasm and the surrounding plasma, thanks to a colour function. In the first step, we simply represent the cell as a Newtonian liquid drop with a cortical tension. In the second step, we take into account the influence of the core by including a non-deformable solid within the cytoplasm. This element was numerically implemented, thanks to an immersed boundary method (Peskin 2002) . To improve this rough model, we then model the cytoplasm as a viscoelastic fluid corresponding to the Oldroyd-B model. The associated constitutive equation that is known to often lead to numerical difficulties is solved explicitly, using the elastic-viscous-split-stress method to improve the stability of the model (Rajagopalan et al. 1990 ).
The final improvement of our description (not yet implemented) will consist in adding an elastic membrane around the cytoplasm to uncouple the outer and inner flows and to limit the cell area. In what follows, we show how the above first three steps of our model perform in two different flow configurations with low Reynolds number (Re , 1). We first discuss the cell behaviour in a numerical four-roll mill involving four separated streams for which the flow rate can be freely adjusted so as to obtain a central region with all possible linear flow fields, from pure strain to pure rotation, including of course the uniform shear case (Deschamps et al. 2009 ). We then consider a single tube with a contraction followed by an expansion, in which the dynamics of the extension and retraction of a single cell can be observed.
Results and discussion
The four-roll mill device may be seen as a numerical rheometer in which the response of the cell to any canonical linear flow can be studied in detail (Figure 1) . In each simulation, we start with an initially circular cell located at the centre of the device; this position is stable under the Stokes flow conditions achieved in the computations.
In elongational flow configurations, the cell lengthens and slenderises, and we study the corresponding shape variations as a function of the various physical parameters (surface tension, Newtonian and polymeric viscosity of the cytoplasm).
Not surprisingly, the larger the capillary number, the larger the elongation of the cell. The presence of a rigid core (r core /r cell ¼ 0.4) changes the final shape, especially for large deformations. For Ca ¼ 10 3 , the aspect ratio of the cell with and without the core is 0.03 and 0.076, respectively. Similar numerical experiments were carried out with a simple shear flow to observe the lengthening and rotation of the cell. The flow and cell parameters are indicated in the caption of Figure 1 . Under these conditions, the cell reaches a tumbling mode with L max /r cell ¼ 1.265. A noticeable difference with the purely elongational flow is that the presence of the core does not have any significant impact on the final shape of the cell.
Our second series of computations shows how a Newtonian drop with surface tension and with or without a solid core, passing through a 5:1 contraction followed by an expansion, deforms, elongates and then retracts when it enters the enlarged part of the capillary. In this simulation, the Reynolds number is fixed to 0.8, the capillary number is varied from 4.4 £ 10 22 to 7.5 £ 10 21 and the viscosity ratio is varied from 0.31 to 3.22 to study the influence of both surface tension and viscosity on the time it takes to the drop to enter the contraction and achieve its maximum elongation. Our results compare well with those of Harvie et al. (2008) , indicating that our numerical code performs properly for a Newtonian cell. Figure 2 shows that for a given capillary number, the higher the viscosity ratio, the slower the cell enters the contraction. When a non-deformable core is added to the cell (r core /r cell ¼ 0.23), the flow in the contraction is affected. Especially, the thickness of the liquid film that surrounds the cell becomes non-uniform due to the variation of the cell deformability in the neighbourhood of the core. However, as the core is non-deformable and small compared with the constriction radius, it does not affect the entrance time nor the velocity of the cell in the small part of the pipe. As can be seen in Figure 2 , the presence of the core does not change the velocity in the constriction; in contrast, the velocity in the outlet region is significantly affected.
Conclusions
We develop a computational approach to study the motion and deformation of a neutrophil. Our work is still under progress and for the time being the rheology of the cell is crudely represented by a Newtonian or viscoelastic fluid, with or without a central solid core. Two different flow configurations were presented in which we varied to some extent three of the four physical parameters available in the model, namely the surface tension, the core-to-cell radius and the Newtonian viscosity, so as to determine their respective influence. Our results compare quantitatively well with those of available computations in the case of a Newtonian drop flowing in a contraction followed by an expansion. We are currently studying the influence of the non-Newtonian character of the cytoplasm by varying the polymeric viscosity; we are also investigating in detail the response of the cell to various linear flows in the four-roll mill configuration. Next, we will improve the representativity of the model by introducing an elastic membrane surrounding the cytoplasm. 
